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Abstract 
The article presents results of research on internal friction of agglomerated dry ice. The results allowed for approximations of the 
curve describing the relation between the material parameters as a function of limit compression stress of the agglomeration 
process of dry ice. The value of parameter of investigated material is needed to formulate a mathematical model. This model can 
describe the influence of geometrical parameters of the conical channel on the limit stress in the process of agglomeration of dry 
ice. Due to the fact that the crystallized carbon dioxide has temperature equal minus 78.5 °C and sublimates under normal 
conditions of the test there was proposed the methodology which allowing performance the tests. The study determined the curve 
describing the change of cutting stress vs. deformation. The tests were realized for samples having different degrees of 
densification. This allowed to describe the relation between shear stress and degree of densification of the agglomerated dry ice. 
Results will allow for formulation of assumptions, which will be one of main point to create a more efficient machine for 
agglomeration process of solidified carbon dioxide. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of MMS 2015.  
Keywords: internal friction factor; dry ice; carbon dioxide 
1. Introduction 
The important element of balance sheet in modern economy is waste management. Carbon dioxide can be an 
example of waste material during production process in chemical plants [1]. Carbon dioxide is recovered in gas 
phase and next it is condensed. The condensed material is stored in temperature -18 °C with pressure ca. 20 bar. 
Liquid is adiabatically expanded with special devices to the atmospheric pressure where it changes its state of 
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aggregation from liquid to solid state. Carbon dioxide in crystallized form has temperature -78.5 °C [2]. 
Characteristic of phase change is presented in Fig. 1. 
Material in solid state is sublimated in weather conditions. Due to this phenomenon and low temperature it is 
called dry ice. Due to sublimation process dry ice cannot be stored in solid state for a long time in normal 
conditions. Phase change of dry ice can be moderated by decreasing the area of heat exchange e.g. by pressure 
agglomeration method with the application of suitable machines. 
Geometrical parameters of forming channel and the value of compacting force are the parameters which have 
an influence on the efficiency of agglomeration process. This force has a direct effect on the properties of 
agglomerate. Its value grows nonlinearly during the increase of consolidation grade of the material [3]. Molecules 
are bounded because of adhesive and tribological interaction – this is a result of the force action and distance 
reduction between molecules of consolidated material [4]. 
 
Fig. 1. Phase characteristic of CO2 [1]. 
Carbon dioxide agglomerate is widely applied in food industry due to its specific properties. It is applied for food 
storage, carbonification of water or freeze drying of products. Dry ice is also applied during surface cleaning [1]. 
The aim of empirical investigations is the determination of essential material and agglomeration process 
parameters in respect of the efficiency of agglomeration process. The significant parameter of consolidation and 
forming of brittle and porous materials such as dry ice [5] is coefficient of internal friction and shear strength [6]. 
The results of experimental investigations will be applied to build the mathematical model of consolidation process 
for the matrix with tapered channels [5]. This model will allow to formulate the design assumptions for the design of 
the machines for consolidation of non-classical materials. The model will be also applied during the numerical 
simulations. 
2. Methodology of investigations  
The investigations of mechanical parameters of carbon dioxide agglomerate have been conducted on the basis of 
the elaborated methodology and programme of experimental investigations. The main aim of these investigations is 
the determination of the value of the coefficient of internal friction of the agglomerate and the relation between 
shear strength of material and limiting consolidation stress. Physical quantities of these characteristics have 
a fundamental sense during mathematical model formulation of the consolidation process. 
Crystallized carbon dioxide in loose form has been investigated – it was stored in a special container with heat 
insulation for medical products transportation.  
Special test stand has been applied – its construction was based on Jenike cell (Fig. 2). This device allows to 
conduct the investigations of stresses which are caused by internal friction of the material. Consolidation chamber of 
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this test stand consisted of two parts i.e. stationary compacting sleeve (3) and moveable sleeve (3) – Fig. 3. The 
cross-sections of these two sleeves had the same dimensions.  
 
Fig. 2. Test stand for the investigations of coefficient of internal friction: 1 – supporting structure, 2 – compacting cylinder, 
 3 – compacting sleeve, 4 – vertical piston, 5 – moveable sleeve, 6 – rolling-contact guide, 7 – horizontal piston, 
8 – displacement sensor of vertical piston, 9 – force sensor, 10 – displacement sensor of moveable sleeve, 
11 – hydraulic power supply, 12 – pressure sensor, 13 – amplifier, 14 – A/D converter, 15 – computer [2]. 
 
Fig. 3. Cross-section of consolidation chamber: w = 30 mm, l = 20 mm. 
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During first stage of the investigations the sample was agglomerated. Crystallized ice was consolidated by 
normal force with defined value. For this purpose compacting sleeve (3) and moveable sleeve (5) were filled with 
fragmented dry ice. After filling up the piston rod of compacting cylinder (2) was displaced. As a result of 
decreasing the chamber volume of compacting sleeve (3) the material was consolidated in this sleeve and moveable 
sleeve (5). At the moment of equilibrium between consolidation resistance of the sample and compacting force the 
compacting cylinder was stopped and first stage of the investigations was finished [7].  
It is possible to determine equal average value of limiting stress denoted as σG, because force Fmax is a limiting 
force in consolidation process. The relationship between the value of limiting force and stresses is the following [3]: 
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During second stage the value of vertical force was registered with the application of strain gauge force meter (9) 
which was mounted at the end of vertical actuator (7). This sensor registered the values of vertical force Ff which 
was a reaction to deformation of consolidated material. This deformation was caused by the displacement of moveable 
sleeve (5) which was moved by a piston rod of vertical actuator (7). The increase of deformation was connected with 
the loss of stability of the agglomerate. Registered force Ff was the reason of average shear stresses τf. 
It is possible to determine equal average value of shear stress denoted as τf, because tangent force Ff is 
a maximum force in static shearing process of the consolidated sample. The relationship between the value of static 
force and shear stresses is the following [3]: 
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The investigations have been done for 3 repetitions for every denotation (Table 1). 
            Table 1. σG values for denotations applied in investigations. 
Lp. 1 2 3 4 
σG (MPa) 2.08 2.72 5.46 5.83 
3. Results analysis 
The results of investigations are presented in Fig. 4. The relationship between shear stresses τf and limiting 
stresses σG is almost linear. This characteristic can be approximated by the following function [7]: 
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where τ0 – coherence resistance (cohesion).  
Absolute value for τf means that the shear strength of agglomerate does not depend on the direction of the 
moveable sleeve displacement.  
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Fig. 4. Shear strength in function of normal stresses. 
After substitution of the investigation results, formula (3) has the following form: 
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Using function (4), one can determine the value of coefficient of internal friction of the material which in this case 
is equal tan φ ≈ 0.15 (φ ≈ 8°30’).        
On the basis of the obtained results the extrapolated coherence resistance for the material is equal τ0 ≈ 1.56 MPa. 
4. Conclusion  
On the basis of the conducted investigations we can conclude the following conclusions: 
 the value of coefficient of internal friction is equal tan φ ≈ 0.15 
 coherence resistance of the material (cohesion) is equal τ0 ≈ 1.56 MPa. On the basis of this value the material can 
be classified to the group of coherent materials [7]. 
The investigation results will be applied to build the theoretical model of agglomeration process of crystallized 
CO2. The elaboration of mathematical model will allow to determine the effective loading which is needed to 
formulate the design assumptions for agglomerating machine. 
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